The flame curvature and the lift-off height of a triple flame under acoustic oscillations are investigated. The multi-slot burner, which can make uniform streamwise flow velocity and stabilize the triple flame two-dimensionally is employed. The triple flame is formed at the anti-node of velocity oscillations. The flame curvature and the lift-off height of the triple flame are measured from images that are taken by a high speed camera. The fuel concentration gradient of the mixing layer which flows into the flame surface with acoustic oscillations is calculated by using the model of the meandering mixing layer. As a result, the flame curvature changes periodically and its period of change corresponds with that of acoustic oscillations approximately. When the triple flame moves in the direction of the air flow, the flame curvature increases. When the triple flame moves in the direction of the mixture flow, the flame curvature decreases. It is estimated that the fuel concentration gradient changes in the half-period of acoustic oscillations. However, the flame curvature changes in the same period of acoustic oscillations.
Nomenclature

Δx
: width of flammability mixing layer 
Introduction
Combustion oscillations may occur in the combustion chamber such as rocket engines or gas turbine engines. Mutual interference between acoustic oscillations and heat release oscillations causes combustion oscillations. 1, 2) If combustion oscillations occur, a combustion chamber can be destroyed because mechanical and thermal loads increase due to very strong pressure fluctuations or increase in heat transfer. 3) Therefore, it is important to elucidate the effect of acoustic oscillations of combustion in detail to develop a safe combustion chamber. The studies on the effect of acoustic oscillation on a fuel droplet have been conducted. Kumagai and Isoda 4) carried out combustion experiments on applying acoustic oscillations to a fuel droplet and they clarified the effect of the diffusion promotion by acoustic oscillations on burning velocity. Tanabe et al. 5) ran the combustion experiments of a fuel droplet in standing acoustic field under microgravity condition, revealing that secondary flow called thermo-acoustic streaming controls the combustion promotion. Triple flames exist in actual combustion chambers because of incomplete mixing of fuel and oxidizer. 6) It is also shown that a triple flame structure can be seen in a scale size combustion chamber of a rocket engine according to numerical calculation. 7) A triple flame consists of three types of flames: a rich premixed flame, a lean premixed flame, and a diffusion flame. 8) A triple flame is formed in mixing layer which has fuel concentration gradient 9) and exists at the base of a lifted diffusion flame. 10) It is pointed out that a triple flame plays an important role on the stability of the flame in the combustion chamber.
11)
Hirota et al. 12, 13) showed the relationship between the fuel concentration gradient at the leading edge of a triple flame, the flame curvature, and the burning velocity experimentally. Kim et al. 14) clarified that the lift-off height of a triple flame is related to a fuel concentration gradient. Saito et al. 15) conducted research on the effects of combustion oscillations on a triple flame. They applied acoustic oscillations to the triple flame using the burner which can make uniform streamwise velocity flow at the position where the triple flame is formed. They elucidated that an increase in sound pressure causes a decrease in the lift-off height and a slight change in the flame curvature. 15) In addition, they showed that a mixing layer is meandered by acoustic oscillations using schlieren technique. 16) Moreover, they devised the model that can reproduce a shape of meandering mixing layer. 16, 17) Figure 1 shows an image of a meandering mixing layer. Figure 2 shows a meandering mixing layer calculated by the model. The effect of acoustic oscillations on flow field is investigated by measuring burning velocity of a triple flame in the standing acoustic field by particle image velocimetry. 18) However, the previous studies above mainly focused on the time average for acoustic oscillations and rarely dealt with the periodic change of the fuel concentration gradient by acoustic oscillations. Hence, in order to elucidate the effect of acoustic oscillations on a flame, this paper investigates response of a triple flame to change in the concentration gradient upstream of a triple flame due to acoustic oscillations. Acoustic oscillations were applied to the triple flame formed in two-dimension by using the multi-slot burner with a rectangular cross-sectional nozzle. The flame curvature and the lift-off height of the triple flame are measured from images that were photographed by a high speed camera. The fuel concentration gradient is calculated by the meandering model of the mixing layer by acoustic oscillations. Figure 3 shows schematic of the multi-slot burner. The multi-slot burner is employed to form the triple flame in twodimension. The cross-sectional dimension of the burner nozzle is 60 mm×40 mm and the interior of the burner is divided into four parts by partition plates. Each crosssectional dimension of the nozzle is 60 mm×10 mm. The main part is composed of the central two nozzles. The mixture flows from one nozzle and the air flows from the other nozzle at the same flow velocity. These flows form the mixing layer. Nitrogen flow from the outer two nozzles at the same flow velocity to keep the main flow from contacting with ambient gas. These flows ejected from each nozzle are straightened by the honeycomb. Quartz windows are installed at front and back on the top of the burner nozzle. The nozzle center is set to the origin as the coordinate system. The flow direction is set to as the y-axis and the perpendicular to the flow is in x-axis as shown in the Fig. 3 . Figure 4 shows the distribution of the x-direction velocity of this burner. It is confirmed that the main flow velocity is almost constant at all the five point in the y-axis. Figure 5 shows the schematic of the acoustic system. Acoustic oscillations are generated by driving loud speakers in the opposite phase. The two loud speakers are mounted at the both ends of the resonance tube. Resonance frequency is 0.5 Table 1 shows the experimental conditions. The flame curvature of the triple flame is obtained by the image of the flame surface as shown in Fig. 6 . The flame surface is determined by the luminance which exceeds a threshold level. The coordinates of the leading edge of the triple flame is approximated by a quadratic curve using the least squares method as the determination coefficient exceeding 0.98. The curvature of the quadratic curve vertex is approximated by Eq. (1).
Experimental Setup and Procedures
where Rf is the radius of the flame surface. The lift-off height is the distance from the burner nozzle exit to the vertex of the triple flame. The resolution of the images is 0.080 mm/pixel. Figure 7 is the schematic of the definition of the fuel concentration gradient. The fuel concentration gradient ∇YF is defined by eq. (2) following the previous studies. [15] [16] [17] [18] The Yrich is mass fractions of rich flammability limit and Ylean is that of lean flammability limit. In the case of propane, the Yrich and Ylean are 0.138 and 0.0317 respectively. 19) The Δx is the width of the flammability mixing layer which is defined as the distance from the position of rich flammability limit to that of lean flammability limit.
(2) Fig. 7 . Schematic of the definition of the fuel concentration gradient. Figure 8 shows the width of the flammability mixing layer and the shape of the meandering mixing layer flowing into the flame surface with Prms = 0.24 kPa. The horizontal axis represents normalized time which is dimensionless being divided by the period of acoustic oscillations. The width of the flammability mixing layer is calculated by the model of the meandering mixing layer by acoustic oscillations. The amplitude (the particle displacement) by acoustic oscillation is calculated using eq. (3). The calculating position in y-direction is 14 mm. The width of the flammability mixing layer changes in a half-period of acoustic oscillations. Figure 9 shows the periodic change of the fuel concentration gradient in each sound pressure. The fuel concentration gradient is calculated by the average lift-off height shown in Fig. 10 . The period of the fuel concentration gradient is the half-period of acoustic oscillations. The burning velocity and the flame curvature of a triple flame are related to the fuel concentration gradient at the leading edge of a triple flame. 13) The burner used in this experiment can produce uniform streamwise flow velocity. Thus, if a triple flame is stationary, only the fuel concentration gradient at the leading edge of a triple flame is the dominant factor of the lift-off height. According to Fig. 9 , the lift-off height and the flame curvature are considered to change in a half-period of acoustic oscillations.
Results and Discussion
Furthermore, the amplitude of the lift-off height and the flame curvature fluctuations is considered to increase as sound pressure increases. Figure 10 shows relations between normalized time, the liftoff height, the flame vertex position, and the flame curvature of the triple flame. The lift-off height of the triple flame decreases as sound pressure increases. This result shows the same tendency as the recent studies. [15] [16] [17] [18] The amplitude of the lift-off height fluctuations is very small. POD (Proper Orthogonal Decomposition) was applied to the images in order to analyze the periodic change in the lift-off height. 
Conclusions
The effect of the periodic change in sound pressure on the flame curvature and the lift-off height of the triple flame was investigated experimentally.
The effect of the periodic change in the fuel concentration gradient on the flame curvature is investigated by the model of the meandering mixing layer. As a result, the following points are elucidated.
The flame curvature of the triple flame changes periodically. The period of the change in the flame curvature approximately corresponds with that of acoustic oscillations.
When the triple flame moves in the direction of air flow (the positive direction of x-coordinate), the flame curvature increases. When the triple flame moves in the direction of the mixture flow (negative direction of x-coordinate), the flame curvature decreases.
The periodic change in the flame curvature cannot be explained with the periodic change in the fuel concentration gradient calculated by using the meandering mixing layer. 
